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Abstract 
 

Dilatometric tests for the eutectoid steel were performed and the results were used for identification of the phase 
transformation model for this steel. Physical simulations of controlled heat treatment of rail head were performed. Micro-
structure and properties after various thermal cycles were determined and these data were used to validate the model of 
controlled cooling of rails. As a consequence, a reliable model which predicts temperature field during cooling, kinetics of 
phase transformations, microstructural parameters and mechanical properties of the product was developed. This model 
can be applied to solve the optimization task formulated with the objective of searching for the cooling process parame-
ters, which give as low as possible interlamellar spacing in pearlite, microstructure free of bainite and heterogeneous 
hardness distribution in the rail head. 
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1. INTRODUCTION 

The constant development of rail transport is 
specifically connected with an increase in train 
speed, application of greater axle loads due to an 
increase in the weight of materials carried by rail 
transport, as well as linking of the railway networks 
with the tram infrastructure. Over the last decades a 
constant progress has been made in the rail transpor-
tation sector. The rail transport capacities depend 
strongly on such track parameters as car stability, 
geometry of the contact with running wheel, and 
possibility to sustain greater loads (Kuziak & Zyg-
munt, 2012). Quality of rails is characterized by the 
increased  wear resistance, fatigue strength and re-
sistance to contact-fatigue defects occurrence. This 
features can be obtained for pearlite structure after 
accelerated cooling giving small distance between 

the cementite lamellae (S0 around 0.10-0.12 µm), as 
compared to the structure after the natural cooling in 
the air (S0 around 0.2-0.3 µm) (Kuziak & Zygmunt, 
2012). Reduction of the distance between lamellae 
results in an increase of pearlite strength/hardness 
(Kuziak et al., 1997; Kuziak & Zygmunt, 2012). 
Simultaneously, it results in thinning of cementite 
lamellae, which increases plasticity of this phase.  

Problem of heat treatment of rails directly after 
hot rolling has been in the field of interest of scien-
tist for some time. Numerous papers dealing with the 
phenomena of heat transfer (Ackert & Nott, 1987; 
Morales et al., 1990; Sahay et al., 2009) microstruc-
ture evolution (Perez-Unzueta & Beynon, 1993) and 
thermal stresses (Boyadiev et al., 1996) can be found 
in the scientific literature. Intensive researches 
aimed at designing of new method of pearlitic rails 
head hardening process giving rise to substantial 
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progress in reducing of the interlamellar spacing of 
cementite lamellae and the size of pearlite colony as 
compared to the these parameters after cooling in 
still air have been conducted by Kuziak & Zygmunt 
(2012). Beyond this, various researchers have devel-
oped models describing kinetics of phase transfor-
mation for eutectoid steels to be adopted into the 
continuous cooling conditions using additivity rule. 
These models allow description of such features of 
the austenite decomposition in eutectoid steels as the 
transformations start and end temperature, as well as  
volume fractions of structural components. More 
advanced models can predict such specific features 
of the pearlitic microstructure as grain size, colony 
size and interlamellar spacing, see for example Au-
thors paper (Pietrzyk & Kuziak, 2000). This model 
was applied by Pietrzyk and Kuziak (2012) to simu-
lation of controlled cooling of rail head. Accuracy of 
the models is limited due to number of parameters, 
which are difficult to determine. Therefore, the ob-
jective of this paper was physical simulation of the 
controlled cooling of rails and supplying data for the 
verification and validation of the model.  

2. MICROSTRUCTURE EVOLUTION AND 
MECHANICAL PROPERTIES MODELS 
FOR EUTECTOID STEELS 

The models, which will be used in optimization 
of the controlled cooling of rails, are divided into 
finite element model of temperature changes, phase 
transformations model, microstructure model and 
mechanical properties model. The FE heat transfer 
model is Authors FE code described by Lenard et al. 
(1999) and it is not presented in this paper. The re-
maining three models are also described in previous 
publications, but they repeated briefly below. 

 
2.1. Phase transformation model 

 

Detailed description of this model can be found 
in (Pietrzyk & Kuziak, 2000; 2012). Briefly, the 
kinetics of the pearlitic and bainitic transformations 
is described by the JMAK (Johnson, Mehl, Avrami, 
Kolmogorov) type equation: 

  (1) 

where: X  – transformed volume fraction, k, n – co-
efficients, t – time. 

Scheil (1935) additivity rule was applied to ac-
count for the temperature changes during transfor-

mations. Incubation time for pearlitic and bainitic 
transformation is acounted for:  

pearlite: 
   3

3
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where: T  – temperature in oC, R – gas constant. 

Constant value of coefficient n in equation (1) is 
used. The values of n are introduced in the model as 
a4 and a13 for pearlitic and bainitic transformations, 
respectively. Coefficient k is defined as a tempera-
ture function: 

pearlite: 
8

7 5
6exp

100a
a a Tk a
D

   
 

  (4) 

bainite: 15
17 16exp

100
a Tk a a   

 
  (5) 

where: D  – grain size. 
Remaining equations in the model are: 

 Start temperature for bainitic transformation: 

  (6) 

 Start temperature for martensitic transformation: 

   (7) 

Volume fraction of the martensite is calculated 
according to the model of Koistinen and Marburger 
(1959), described also in (Umemoto et al., 1992; 
Pietrzyk et al., 2003): 

    1 1 exp 0.011m p b sF F F M T         (8) 

where: Fp, Fb – volume fractions of pearlite and 
bainite with respect to the whole volume of the sam-
ple, Ms – martensite start temperature.  

This model was applied to simulations of con-
trolled cooling of rails. 

 
2.2. Model of microstructure and properties 

 
Details of this model are given in publications 

(Kuziak et al., 1997; Pietrzyk & Kuziak, 2000; 
2012). The model includes equations, which de-
scribe microstructural parameters of eutectoid steel 
after cooling from austenite stability temperature to 
the room temperature. The resulting microstructure 
is composed of pearlite nodes subdivided into colo-

 1 exp nX kt  

13 425[C] 42.5[Mn] 31.5[Ni]sB a   

18 19sM a a c 
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nies in the process of pearlite growth. Typically, 
there are several colonies in pearlite nodules, charac-
terized by parallel orientation of the cementite/ferrite 
lamellae within each colony. Pearlite microstructure 
composed of nodules subdivided into colonies is 
formed when austenite grains before the transfor-
mation are relatively large ( 20 µm), and pearlitic 
transformation occurs with minor undercooling with 
respect to the temperature Ae1. For smaller austenite 
grains and considerable undercooling of austenite at 
the beginning of transformation, the difference be-
tween the nodules and pearlite colonies disappears 
and such microstructure was called a colonial pearl-
ite by Garbarz & Pickering (1988).  

 
a) 

 
b) 

Fig. 1. Cross sections of the rails S49 (a) and UIC60 (b) with 
the locations of the hardness measurements. 

The spacing between cementite lamellae is the 
most important parameter characterizing pearlite 
microstructure. The running surface of rail head is of 
particular interest. Fine pearlite should be a domi-
nant component of this layer. The interlamellar spac-
ing in pearlite, in μm, is calculated as: 

 
  (9) 

where: Tp – temperature of pearlitic transformation 
in ºC, [Mn], [Cr], [Si], [C] – manganese, chromium, 
silicon and carbon content in wt%. 

Since the temperature varies during cooling, the 
interlamellar spacing is calculated for weighted av-
erage temperature during the transformation. Pearlite 
grain size (Dp) and pearlite colony size (Dc) are two 
additional parameters included in the model. They 
are calculated from the following equations (Pie-
trzyk & Kuziak, 2000; 2012):  

 
  0.6

1
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D
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 (11)

 
where: Tp – average temperature of pearlitic trans-
formation in ºC. 

Equations, which describe mechanical properties 
of eutectoid steel in the room temperature, are in-
cluded in the model, as well. Yield stress (R0.2) and 
tensile strength (Rm) in MPa for eutectoid steel are 
calculated as (Pietrzyk & Kuziak, 2012; Kuziak & 
Zygmunt, 2013): 

 R0.2 = 259 + 0.087χ-1  

 Rm = 793 + 0.07χ-1 + 122[Si] (12) 

where:  = (2S0 – t) - the mean free path for disloca-
tion glide in pearlitic ferrite, t - thickness of the ce-
mentite plate calculated as  0.015S0[C], [Si], [C] – 
silicon and carbon content in wght%.  

The wear resistance of pearlitic rails is directly 
linked with their hardness. Increasing the hardness 
causes the wear resistance increase. The Brinell 
hardness can approximately be calculated as HB = 
0.27Rm (Kuziak & Zygmunt, 2013). 

3. PHYSICAL SIMULATION OF THE 
CONTROLLED COOLING OF RAILS AND 
VALIDATION OF MODELS 

The chemical composition of experimental steel 
grade 900A was as follows: 0.71%C, 1.1%Mn, 
0.31%Si, and 0.13%Cr. 500 mm long pieces of the 
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rails S49 and UIC60 were tested. Cross sections of 
these rails with the locations of the hardness meas-
urements is shown in figure 1. 

 
3.1. Identification of the phase transformation 

model 
 
Dilatometric tests were performed for the inves-

tigated steel and the inverse analysis was applied to 
identify coefficients a = {a1, ... ,a19} in the model. 
Inverse algorithm proposed in (Szeliga et al., 2006) 
and applied by Pietrzyk et al. (2000) to dilatometric 
tests was used by Pietrzyk & Kuziak (2012) for the 
investigated steel 900A. Coefficients a determined 
for this steel are given in (Pietrzyk & Kuziak, 2012). 
Performed in that work comparison between meas-
ured and calculated start and end temperatures for 
phase transformations confirmed good predictive 
capability of the model. 

ThermoCalc software was used to determine 
equilibrium carbon concentrations. The following 
relations were obtained for the investigated steel: 

 
 (13)

 
where: c - carbon content at the / interface, c - 
carbon content at the /cementite interface, T - tem-
perature in oC.  

3.2. Controlled cooling experimental setup 
 
Semi-industrial heat treatment device, which 

was built at IMŻ Gliwice, allows the following 
methods of cooling:  
 water spray, 
 water-air mist, 
 air under pressure, 
 immersion in the water-polymer solution. 

The system for water spray cooling contains 4 
sections of nozzles with 1 to 8 nozzles in each sec-
tion. Positions and angles of nozzles can be con-
trolled. Distance between the nozzle and the surface 
of the rail can be changed in the range of 5 to 
200 mm. All cooling parameters are automatically 
computer controlled. Beyond this, the velocity of the 
rails movement through the nozzles can be changed 
in the range of 0.1 - 1m/s. In consequence, wide 
possibilities of control of the intensity of cooling 
exist in the system.  

The motion of the rail is controlled by the com-
puter and the whole cooling process is monitored 
with the sampling frequency 100 Hz. Temperature is 
measured by the thermocouples at 8 locations in the 
rail. Schematic illustration of the water spray cool-
ing system is shown in figure 2. 

The system for cooling by immersion in the pol-
ymer solution allows subsequent accelerated (im-
mersion) and slow (in the air) cooling stages. The 
cooling sequence can be programmed in the com-
puter. View of the system of cooling by immersion 
in the polymer solution is shown in figure 3. 

 
 
 
 
 

3.3. Results of physical simulations and  
verification and validation of models 

 
Both methods of cooling, water spray and im-

mersion in the polymer solution, were used in the 
physical simulations. However, for the sake of the 
thermal-microstructural model capability illustra-
tion, the latter cooling method only are presented in 
this paper. 15% water solution of the polymer was 

1.46583+0.002887
4.8513 0.005776

c T
c T




 

 

 
Fig. 2. Schematic illustration of the system for cooling of the rail head with the water spray. 
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used as coolant. The rails were preheated at 950ºC 
for 30 min. After cooling mechanical properties 
were determined according to the standard EN 
13674-1 and distribution of the hardness was meas-
ured along the lines in figure 1. Beyond this, the 
microstructure at the cross section was analyzed 
using optical and scanning microscopes. 

 

 

a) 
 

 

b) 

Fig. 3. General view of the system for cooling of the rail head by 
immersion in the polymer solution (a) and method of the assem-
bly of the rail in this system (b).  

Several thermal cycles were investigated and 
four of them are discussed in this paper. Changes of 
the position of the rail head as a function of time 
during various cooling cycles are shown in figure 4. 
Tests 1 and 2 were performed for the rail S49. In the 
test 2, the last immersion was longer comparing to 
the test 1. Similarly tests 3 and 4 were applied to the 
rail UCI60. Measured temperatures during these 
cycles were compared with the results of calculation 
and selected results of this comparison for the rail 
S49 are show in figure 5. Three thermocouples were 

located at the distance 2 mm (A), 6 mm (B) and 
16 mm (C) below the surface of the head. Thermo-
couples were inserted in the orifices drilled through 
the rail from the foot. According to Pietrzyk & Ku-
ziak (2012), the heat transfer coefficient for the steel 
immersed in the polymer solution was 1700 W/m2K 
at surface temperatures exceeding 700oC. When 
temperature was decreasing below 700oC, the heat 
transfer coefficient was increasing and reached the 
maximum value of 2400 W/m2K at 300oC. Further 
decrease of the temperature resulted in the decrease 
of the heat transfer coefficient to the value of 
1200 W/m2K at ambient temperature. Analysis of 
these results shows that the general trend of tem-
perature changes is predicted very well, however, 
the model predicts sharper changes of the slope of 
the time-temperature curve at the location close to 
the surface (A), comparing to measurements. It may 
be due to smoothing of the temperature changes by 
the measuring system, as well as to oxidation of the 
steel surface. Similar results were obtained for the 
remaining tests. In general it can be concluded that 
accuracy of the model and assumption of the heat 
transfer coefficient was confirmed.  

 
Fig. 4. Position of the head as a function of time during various 
cooling schedules for the rail S49 (a) and UCI60 (b).  

Mechanical properties of rails after cooling were 
measured according to the standard EN 13674-1. 
Locations where samples were taken are shown in 
figure 6. Results of mechanical tests are presented in 
figure 7. Results for the rail cooled by water spray 
are marked with „D”.Measured yield stress and ul-
timate tensile strength were compared with the re-
sults of calculations and good agreement was ob-
tained for all cooling variants.  
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a) 
 

 

b) 

Fig. 5. Selected results of comparison of measured (full symbols 
and solid line) and calculated (open symbols and dotted line) 
temperatures for the rail S49. Temperature after the last immer-
sion 436oC (a) and 412oC (b). 

 
Fig. 6. Locations at the rail cross section where the samples for 
mechanical tests were taken. 

 
a) 
 

 
b) 

Fig. 7. Selected results of the mechanical tests, yield stress and 
ultimate tensile strength A (a) and elongation and reduction in 
the area Z (b).  

To avoid the influence of the decarburizing at 
the head surface, the microstructure was analyzed 
for the samples, which were cut for the mechanical 
tests at locations in figure 6. Figures 7-9 show mi-
crostructures of rails cooled using the immersion in 
the polymer solution. Micrographs were taken at the 
distance d from the surface specified in the descrip-
tion of figures 8 and 10. Beyond the samples taken 
close to the surface, all remaining microstructures 
contain fine pearlite. The best microstructures were 
obtained for test 6 for the rail S49 and for the test 2 
for the rail UIC60. Due to the decarburizing, some 
ferrite located at the boundaries of previous austenite 
grains was observed in the areas close to the head 
surface. Some bainite grains can be found in this 
microstructure, as well.  
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a) 

 
b) 
 

 
c) 

Fig. 8. Microstructures for the rail S-49 at the distance d = a) 18 mm; b) 6 mm; c) 2mm; for the tests 1 (left) and 2 (right) – optical 
microscopy.  
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a) b)  

Fig. 9. Microstructures for the rail S-49 for the tests 1 (a) and 2 (b) – scanning microscopy. 

  
a) 

  
b) 

  
c) 

Fig. 10. Microstructures for the rail UIC60 at the distance d = a) 18 mm; b) 6 mm; c) 2mm; for the tests 3 (left) and 4 (right) – optical 
microscopy. 
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Measured distributions of the hardness are 
shown in figure 12. Beyond the small area close to 
the surface, heterogeneous distribution of the hard-

ness was obtained in the head. A noticeable increase 
of the hardness was observed in the areas at the con-
nection of the head with the web. 

 

a) 

  

b) 

Fig. 11. Microstructures for the rail UIC60 for the tests 3 (left) and 4 (right) – scanning microscopy.  

 

 

a) 

 

b) 
 

  

c) 

 

d) 

Fig. 12. Measured and calculated hardness as a function of the distance from the head top surface.  
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A difference between measured an calculated 
values of hardness just below the running surface is 
mainly connected to the decarburization of the 
head’s subsurface layer during heating prior to ac-
celerated cooling. On the contrary, the difference in 
measured and predicted hardness values in the 
head’s core may be connected to both, too simplified 
approach to hardness calculation and questionable 
application of additivity rule for the hardness predic-
tions. These problems are the subject of the current 
investigation which is being conducted by the au-
thors. 

4. CONCLUSIONS  

The results of the physical simulations of the 
controlled cooling of rails were presented in the 
paper. These results were used for identification, 
verification and validation of the phase transfor-
mation model implemented in the finite element 
code, which calculated temperatures in rails during 
cooling. Comparison of measurements and predic-
tions of temperatures, microstructural parameters 
and mechanical properties confirmed good predic-
tive capabilities of the model. The analysis of results 
allowed drawing of the following conclusions: 
 Water spray cooling gives very intensive drop of 

the temperature. On the other hand, this method 
of cooling allows to obtain more uniform heat 
transfer and more uniform microstructure can be 
obtained. Thus, this method when better con-
trolled has a potential of improvement of the rail 
head properties.  

 Small difference of the stop temperature of the 
accelerated cooling  results in noticeable differ-
ence of microstructural parameters and mechan-
ical properties. 

 More complex model for the pearlite microstruc-
ture parameters and mechanical properties pre-
dictions must be developed to improve the accu-
racy of the predictions, Specifically, the additivi-
ty rule application must be validated for the me-
chanical properties predictions 

 Analysis of the results presented in the paper 
shows that four parameters of the cooling pro-
cess should be selected as the independent vari-
ables in the optimization: heat transfer coeffi-
cient for cooling in the polymer solution, depth 
of immersion of the rail head, time of fast cool-
ing in the polymer solution and time of cooling 
in the air at the second stage of cooling. 
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DOŚWIADCZALNA WERYFIKACJA I WALIDACJA 
MODELU PRZEMIAN FAZOWYCH STOSOWANEGO 

DO OPTYMALIZACJI KONTROLOWANEGO 
CHŁODZENIA SZYN 

Streszczenie 
 
Identyfikację modelu przemian fazowych dla stali eutektoi-

dalnej przeprowadzono na podstawie prób dylatometrycznych 
i analizy odwrotnej. W pracy przeprowadzono fizyczne symulacje 
kontrolowanego chłodzenia główki szyny po walcowaniu. Wy-
znaczono parametry mikrostruktury oraz własności mechaniczne 
po różnych cyklach cieplnych i te dane wykorzystano do weryfi-
kacji i walidacji modelu. W konsekwencji opracowany został 
wiarygodny model kontrolowanego chłodzenia główki szyny. Ten 
model może zostać zastosowany do w rozwiązaniu zadania opty-
malizacyjnego z funkcją celu sformułowaną jak osiągnięcie mi-
nimalnych odległości międzypłytkowych w perlicie, zminimali-
zowanie udziału bainitu w stali i osiągnięcie możliwie równo-
miernego rozkładu twardości na przekroju szyny. 
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